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Abstract. The Penning-trap electronic-detection technique that offers the precision
and sensitivity requested in mass spectrometry for fundamental studies in nuclear
and particle physics has not been proven yet to be universal. This has motivated
the construction of a Penning-trap facility aiming at the implementation of a novel
detection method, consisting in measuring motional frequencies of singly-charged
trapped ions in strong magnetic fields, through the fluorescence photons from the
4s2S1/2 →4p2P1/2 atomic transition in 40Ca+. The key element of this facility is an
open-ring Penning trap, built and fully characterized, which is coupled upstream to
a preparation Penning trap similar to those built at Radioactive Ion Beam facilities.
Motional frequency measurements of trapped ions stored in the open-ring trap have
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2been carried out by applying external dipolar and quadrupolar fields in resonance
with the ions’ eigenmotions, in combination with time-of-flight identification. The
infrastructure to observe the fluorescence photons from 40Ca+, comprising the twelve
laser beams needed in 7 Tesla, and a two-meters long system to register the image in a
high-sensitive CCD sensor, has also been successfully tested by observing optically the
trapped 40Ca+ ions. This demonstrates the capabilities of this facility for the proposed
laser-based mass-spectrometry technique, and introduces it as a unique platform to
perform laser-spectroscopy experiments with implications in different fields of physics.
1. Introduction
Mass measurements with the highest precision, on stable and exotic nuclei, are per-
formed using Penning traps, outstanding and versatile tools for studying fundamental
properties of atoms and ions [1, 2]. The required relative mass uncertainty δm/m dif-
fers by several orders of magnitude depending on the area of application within physics,
ranging from ≤ 10−7 for astrophysics and nuclear structure physics, to below 10−11 for
contributions to neutrino mass measurements [2]. In order to fulfill the demand for
higher sensitivity for heavy ions and to improve accuracy for specific studies, a variety
of new precision Penning-trap mass spectrometers based on non-destructive detection
schemes are at present under commissioning. For example, the PENTATRAP exper-
iment at the Max Planck Institute for Nuclear Physics in Heidelberg has been built
to perform ultra-high accuracy mass measurements on highly-charged heavy ions [3].
There is also a Penning-traps beamline coupled to the TRIGA reactor in Mainz [4],
and a new Penning-trap system at GSI-Darmstadt, which is part of an upgrade of the
SHIPTRAP facility for precision measurements on superheavy elements (SHEs) [5].
Nowadays, two detection methods are utilized for precision mass measurements at Ra-
dioactive Ion Beam (RIB) facilities: the Time-of-Flight Ion-Cyclotron-Resonance (TOF-
ICR) technique, or any of its variants [6, 7], and the Phase-Imaging Ion-Cyclotron-
Resonance (PI-ICR) technique [8]. The TOF-ICR technique has been used for sev-
eral decades, yielding relative mass uncertainties between 10−8 to 10−9. The PI-ICR
technique is a novel method and, by tracking the ion motion using a high-resolution
position-sensitive micro-channel plate (MCP) detector, provides a five-fold gain in pre-
cision and a 40-fold increase in resolving power. Despite the outcomes obtained by
means of these techniques (see e.g. [9] for TOF-ICR, and [10] for PI-ICR), both meth-
ods are limited in sensitivity since several tens of ions are needed to obtain a precise
motional frequency value. This limits the applicability to the SHEs (Z ≥ 104) produced
in fusion-evaporation reactions with very low production yields, typically of one ion per
day or below. The atomic ion with the lowest production yield measured in a Penning
trap is 256Lr++ using the TOF-ICR method [11]. With the PI-ICR technique one could
measure a few heavier elements (lower yields) since this method requires smaller number
of ions. However, for heavier elements a technique requiring only one ion is mandatory.
3A well-known technique able to realize this purpose relies on the resonant pick-up of the
current a single oscillating ion induces on the trap electrodes. This is the induced-image
current technique, which has been used for ultra-precise cyclotron frequency measure-
ments of ions with low or medium mass-to-charge ratios, and of fundamental particles
[12, 13, 14, 15, 16, 17], but not demonstrated yet with ions with large mass-to-charge
ratios.
Besides the on-going developments of a variant of the induced-image current technique
for SHEs [5, 18], a novel method for mass spectrometry was proposed based on the use
of a single laser-cooled 40Ca+ ion as detector [19], following a scheme based on two traps
described earlier [20]. On the way towards this experimental realization, the sensitivity
of a single 40Ca+ ion laser-cooled to the Doppler limit (Tlimit ∼ 1 mK) has been charac-
terized by studying its axial motion in an open-ring Paul trap [21, 22]. The analytical
method and a first approach of using just one trap to store the ion of interest and
the laser-cooled ion simultaneously has been recently presented [23], following a former
idea described in Ref. [24]. Such scheme might allow identifying SHEs elements, after
thermalization, transport and capture in a Penning trap with open-ring geometry [21],
through the fluorescence photons emitted by the 40Ca+ ion. The identification relies on
the determination of motional frequencies, limiting the relative mass uncertainty δm/m
in the ion of interest to how precisely one can determine those frequencies from the
fluorescence photons. Since the ion of interest is sympathetically cooled by Coulomb
interaction with the 40Ca+ ion, it will be possible to perform precision spectroscopy
on a single trapped ion, extending the applicability of the technique used in Ref. [25],
to the scenario where the single ion of interest is well under control in a high-intense
and homogeneous magnetic field. Furthermore, experiments can be conducted in the
quantum-limited regime by using quantum-logic spectroscopy [26, 27].
The open-ring geometry of the Penning trap described in this article differs from all
the traps built for precision and accurate mass spectrometry, which are made either
by a stack of cylindrical electrodes, see e.g. [3, 28], or with electrodes with the
shape of truncated hyperboloids of revolution, as for example the ones described in
Refs. [29, 30]. In this publication the full facility around the open-ring Penning trap
will be described with special emphasis in the performance of this trap. The first
fluorescence measurements obtained with this device will be also presented.
2. Experimental setup: The Penning-traps beamline
In a real Penning trap built for experiments on ions with mass m and charge q, the
ions are confined by the superposition of a quadrupolar electrostatic field created by
the electrodes, with an homogeneous and strong magnetic field ~B, which defines the
axial direction of the revolution symmetry of the device [1]. The motion of an ion
stored in the trap can be depicted as the superposition of three independent modes.
4Figure 1. Schematic view of the Penning-traps beamline at the TRAPSENSOR
laboratory. A view port was placed in the transfer section for the fluorescence
measurements, decoupling the MALDI-TOF from the Penning traps. MCP3 is
movable in and out of the beamline, for time-of-flight identification and fluorescence
measurements, respectively.
The motion along the axial direction does not depend on the magnetic field, has an
oscillation amplitude ρz and a characteristic frequency given by
νz =
1
2pi
√
q U0
m d2
, (1)
where in a perfect quadrupolar field, U0 is the potential difference between the endcap
and the ring electrode, and d is a parameter defined as
d =
√
1
2
(
z20 +
1
2
ρ20
)
. (2)
Here z0 and ρ0 are the characteristic dimensions of the trap. Assuming the minimum of
the trap is at 0 V, the potential the ions experience can be expanded around the trap
center, so that
U(z) = C2z
2 + C4z
4 + ϑ(z6). (3)
In an ideal trap, C4 and higher order terms are zero, and Eq. (1) can be rewritten in
terms of Eq. (3) as
νz =
1
2pi
√
2qC2
m
. (4)
5The other two motional degrees of freedom are in the radial plane, and they are referred
to as reduced-cyclotron and magnetron motion, with radii represented by ρ+, and ρ−,
respectively, and characteristic frequencies given by
ν± =
νc
2
±
√
ν2c − 2ν2z
4
. (5)
Here νc is the cyclotron frequency of an ion in a magnetic field, in the absence of any
electrostatic field, and is given by
νc =
1
2pi
q
m
B, (6)
which relates directly the mass-to-charge ratio of the ion with the observable frequency.
In order to perform precise mass measurements, the magnetic field must be strong (on
the order of several Tesla) and with an inhomogeneity below the ppm level in the center
of the trap across the volume of the ion’s motion. The frequency νc can be unfolded
from the invariance theorem [1]
ν2c = ν
2
+ + ν
2
z + ν
2
− (7)
or, in the case of an ideal Penning trap, from the relationship
νc = ν+ + ν−. (8)
The three eigenfrequencies also follow the relationship ν+  νz  ν− so that the deter-
mination of the mass through the cyclotron frequency (Eq. 6) implies measuring ν+ more
precisely than the rest of the eigenfrequencies, which is accomplished using ultra-stable
magnets. These measurements can be performed using different techniques depending
on the accuracy to be reached.
When measurements are envisaged on ions produced at Radioactive Ion Beam facilities,
covering a wide kinetic-energy range, more instrumentation has to be added to the Pen-
ning trap, in order to stop the ions, to bunch them, and to separate the ion of interest
from other ions species also present in the beam but in rates several orders of magnitude
larger.
Figure 1 shows a sketch of the TRAPSENSOR Penning-traps beamline built at the
University of Granada for laser-based precision experiments comprises a laser-desorption
ion source, a transfer section, two Penning traps, one for preparation, including isobaric
separation, and one for the measurements, followed by a time-of-flight section. In the
following, we describe in detail each of these elements.
2.1. Ion production and detection
Ions are produced outside the Penning traps by means of a laser-desorption ion source
or inside one of the Penning traps via photoionization of an atomic calcium beam. For
the fluorescence measurements and the commissioning tests of the setup solely 40Ca+
6ions were used.
The laser-desorption ion source is a commercial apparatus from Bruker Analytical Sys-
tems, Model Reflex III, originally designed for Matrix-Assisted Laser-Desorption-and-
Ionization and Time-Of-Flight (MALDI-TOF) identification, to analyze large molecular
samples. The source was tested and characterized delivering calcium, osmium and rhe-
nium ions produced at kinetic energies ranging from 20 keV (nominal energy of the
apparatus), down to about 100 eV [31]. For the experiments presented here, the kinetic
energy of the ions was fixed to 270 eV. The repetition rate of the frequency-doubled
Nd:YAG laser (λ = 532 nm) is 10 Hz, with a pulse length of 4 ns and energies up to
300 mJ. The ion source is coupled to the beamline as shown schematically in Fig. 1.
The transfer section is made of an electrostatic quadrupole deflector, two steerers and
sixteen electrostatic lenses.
Ions are detected and identified by their time-of-flight using one of the several micro-
channel plates (MCP) detectors located at different positions along the beamline:
MCP1, MCP2 and MCP3 (Fig. 1). The MCP3 detector allows performing measurements
of the eigenfrequencies as well as of νc of the ions stored in any of the Penning traps
after they are ejected towards the detector.
2.2. The Penning-traps system
The Penning-traps system comprises two Penning traps housed in the same supercon-
ducting solenoid (Fig. 2). The superconducting solenoid has the same specifications as
those in operation at SHIPTRAP [28], JYFLTRAP [33], MLLTRAP [32] and TRIGA-
TRAP [4]. The first trap downstream from the transfer section is made of a stack of
27 cylinders following the conceptual design of the preparation Penning trap for MATS
at FAIR [34], so as to allow performing buffer-gas cooling [35] or electron cooling [36].
A longitudinal view of the trap tower together with the magnetic field strength and
the potential shape along the z-axis, for injection, trapping (and manipulation), and
ejection is shown in Fig. 2. The center of the trap (grey-shaded area of the CAD draw-
ing) is located in the first homogeneous region of the superconducting solenoid with a
magnetic field homogeneity of 10 ppm over 1 cm3. The trap is closed with a poten-
tial barrier of 300 V when the ions are delivered with 270 eV kinetic energy. The ring
electrode is eight-fold segmented to allow applying dipolar and quadrupolar fields to
determine ν+, νz, ν− and νc. The second trap is an open-ring Penning trap [21, 37, 38],
located in a region with a magnetic field homogeneity of 0.14(10) ppm over the volume
of 1 cm3. This trap, coloured in blue and named MT in Fig. 2, is used for the mea-
surements. It is described in detail in Sec. 3. For the measurements presented here,
the pressure values at both sides of the superconducting solenoid, close to the 800 l/s
pumps shown in Fig. 1, were around 10−8 mbar without using the 600 l/s ion pump,
located at the end of the beamline, and the 300 l/s one, in front of the solenoid. These
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Figure 2. Longitudinal view of the Penning traps (center) showing the magnetic field
strength (top) and the potentials along the z-axis for injection, capture and extraction
(bottom). The acronyms PT and MT stand for Preparation and Measurement Trap,
respectively. The electrodes in the center of the PT, i.e. EC (endcap), CE1,2
(correction electrodes) and RE (ring electrode) allows realizing a quadrupolar potential.
The potentials of the MT are shown in Fig. 6.
pumps are required for the vacuum level in order to perform fluorescence measurements.
The PT was designed to allow cooling ions via collisions with gas atoms, but also
to implement other cooling mechanisms compatible with ultra-high vacuum, since the
pumping barrier between the traps (with a length of 23 mm and a diameter of 2 mm),
limits the pressure difference between the PT and the MT. Thus, buffer-gas cooling
in the PT restricts those experiments based on creating a two-ion crystal in the MT
as envisaged [23]. However, cooling of ions in the PT should be possible by their
interaction with a bath of electrons trapped at room temperature in a nested trap [36],
8or with a cloud of laser-cooled ions, as proposed in Ref. [39], and demonstrated later by
sympathetically cooling highly-charged ions in a Paul and in a Penning trap [40, 41].
2.2.1. Cooling and mass separation The ions stored in the harmonic potential of
the trap with axial frequency ωz = 2piνz experience a restoring force of the form
~F = −2mδz~v, where m is the ions’ mass and ~v their velocity. The cooling rate γz = 2δz
of the ions’ kinetic energy along the z-direction is determined by
δz =
q
2m
1
µ0
pb/p0
Tb/T0
, (9)
with the ion mobility µ0, the normalized residual gas pressure pb/p0 and the normalized
buffer-gas temperature Tb/T0. p0 and T0 are 1013 mbar and 293 K, respectively. The
thermal ion mobility of singly-charged 40Ca+ ions in a helium buffer-gas is considered
equal to that of Ar+ ions such that µ0 = 21.2× 10−4 m2s−1/V [44]. The corresponding
cooling time constant is τ coolz = 1/γz. Figs. 3 and 4 show the time-of-flight of
40Ca+
ions ejected from the PT towards the detector MCP3, as a function of the storage time.
In Fig. 3, one can see oscillations in the time-of-flight spectrum, depicting the axial
oscillation of the ions in the PT during the first 500 µs of the cooling process. The axial
oscillation frequency of the 40Ca+ ions within this process varies from νz = 40.9(3) kHz,
within the first hundred microseconds, to νz = 43.6(2) kHz for a storage time around
500 µs. These frequency values are below those obtained from the measurements of ν±
and νc, after the ions are cooled during a few hundreds of milliseconds. The eigenfre-
quencies for 40Ca+ are shown in Tab. 1. The radial eigenfrequencies were measured by
probing the ions’ motion in the radial direction with external dipolar fields varying νRF
around ν±.
The effect of the buffer-gas pressure on the cooling time is shown in Fig. 4. The data
points are fitted using the storage-time dependent function given by
S(t) = SM − (SM − Sm)e−t/τcoolz , (10)
where S represents here the average time-of-flight signal, and the subscripts M and m
stand for the maximum and the minimum time-of-flight values, respectively. The helium
buffer-gas pressure inside the PT is obtained from τ cool using Eq. (9).
Table 1. Eigenfrequencies for 40Ca+ when the PT (Fig. 2) is operated with VEC =
300 V, VCE1 = 45 V, VCE2 = 29.5 V, and VRE = 5 V. (
∗) This value was obtained
using the measured values of νc, and ν± together with Eq. (7).
ν+ (MHz) νz (kHz) ν− (Hz)
2.688592(2) 49.500(140)∗ 456(7)
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Figure 3. Time-of-flight of 40Ca+ ions from the PT to MCP3 (see Fig. 1) versus
storage time in the PT for times below 500 µs. One of the correction electrodes at the
injection side of the trap was connected to a circuit for induced current detection, and
is polarized through a low-pass filter. The filter causes the rise time during ion capture
to be slower for that correction electrode, and is thus responsible for the higher time-
of-flight for storage times below 100 µs. The blue and red solid-lines are the results
from pulti-peak fits.
In case of the radial motions ω± the damping constants read
δ± = 2δz
ω±
ω+ − ω− . (11)
Thus, for a pressure of 1.3 × 10−6 mbar (τ coolz ≈ 700 ms), δz ≈ 0.7 s−1, δ+ ≈ 1.4 s−1,
and δ− ≈ 2.4 × 10−4 s−1. This yields a decay time constant for the magnetron motion
of τ cool− ≈ 4100 s, and thus, an increase of the magnetron radius within the storage time
of the ions inside the PT is negligible.
The main purpose of the PT, which is centering the ions with specific mass-to-charge
ratio to allow removing unwanted species, was tested using 40Ca+ and 185,187Re+ ions.
The performance of the device with respect to the buffer-gas cooling technique [35]
was described in Refs. [42, 43]. This method allows centering the ions with a specific
mass-to-charge ratio when combining the collisions with buffer-gas atoms, with the ap-
plication of an external quadrupolar field in the radial direction at νRF = νc. Figure 5
shows cooling resonances for the two naturally abundant rhenium isotopes, 185Re and
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Figure 4. Time-of-flight of 40Ca+ ions from the PT to MCP3 (see Fig. 1) as a
function of the storage time in the PT for different buffer-gas pressures. The solid
lines represent fits using the exponential grow function of Eq. (10). The pressure values
inside the PT are obtained from the fit yielding p1 = 1.3×10−6 mbar (τcoolz ≈ 700 ms),
p2 = 3.0 × 10−6 mbar (τcoolz ≈ 300 ms), p3 = 8.3 × 10−6 mbar (τcoolz ≈ 100 ms),
p4 = 1.7× 10−5 mbar (τcoolz ≈ 50 ms), and p5 = 2.9× 10−5 mbar (τcoolz ≈ 30 ms).
187Re. The frequencies for 40Ca+ and 185,187Re+ ions and the resulting resolving powers
are listed in Tab. (2).
The laser-desorption ion source delivers ions with 10-ns duration pulses directly into the
PT every 100 ms. Since a measurement cycle might last up to several tens of seconds,
stacking has been also implemented.
Table 2. Cyclotron frequency (νc) and resolving power (m/∆m) from cooling
resonances in the PT.
Ion species νc (Hz) m/∆m
40Ca+ 2 689 067.5(3) 2.7× 105
185Re+ 581 017.9(7) 4.8× 104
187Re+ 574 794.5(5) 5.7× 104
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Figure 5. Cooling resonances in the PT for 185,187Re+ ions. The resolving power
m/∆m is 5.7× 104 and 4.8× 104 for 187Re+ and 185Re+, respectively.
3. The open-ring Penning trap
The measurement Penning trap (MT) is an open-ring trap, shown in detail in Fig. 6,
together with the trap potential for injection, trapping and ejection of the ions. The
trap is made of two sets of four concentric rings forming the endcap electrodes (EC),
the ring electrodes (RE), corrections electrodes (CE) and an external electrode, named
grounded electrode (GE). The trap is located between the diaphragm, built after the
PT, and the first electrostatic lens in the time-of-flight section. The ring electrodes
are four-fold segmented in order to apply external radiofrequency fields with different
polarities (dipolar and quadrupolar) in order to probe the eigenfrequencies of the ions
and νc.
3.1. Trap tuning
The geometry of the trap (Fig. 6) was shown previously in Ref. [21], introducing this
trap for laser cooling experiments. The device was similar to the one built at GANIL
(LPCTRAP) [45] for β-ν correlation experiments [46, 47] and in both cases was run as
a Paul trap. The Penning trap presented here has been scaled down by a factor of 2.
The quadrupolarity of the potential has been investigated through SIMION simulations
[48] for different voltage configurations in order to minimize the coefficient C4 (Eq. (3)).
The potential along the z-axis is recorded and fitted utilizing the function given by the
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Figure 6. Three-dimensional CAD drawing of the open-ring Penning trap together
with the potentials applied for injection, capture, measurement, and extraction. The
ring electrode (RE) is four-fold segmented to allow applying dipolar or quadrupolar
RF excitations.
first two terms in Eq. (3). Figure 7 shows |C4| as a function of the voltage applied to
the correction electrodes VCE, for three different values of VEC. For all the data points
VRE = 5.8 V and VGE = 0 V. A similar procedure was followed (the results are not
shown) keeping a constant value of VEC, equal to 13 V. In this case, C4 was calculated
as a function of VCE for three different values of VRE, namely, 1.8, 3.8, and 5.8 V. VGE
was set to 0 V. From the results obtained using SIMION, C4 can be minimized by taking
VCE = 0.655(3) · VEC + 1.63(4), (12)
or VCE = 0.2736(11) · VRE + 8.552(4), when tuning the trap by varying the voltage
applied to the ring electrode as a function of VEC or VRE, respectively. νz is obtained for
each configuration from the coefficient C2 (Eq. (4)). For the voltages applied, νz was
varied from about 100 to 200 kHz. Using again the results from the SIMION simulations
(keeping VRE = 5.8 V), it is possible to build the polynomial function
VEC
VCE
= A0 + A1νz + A2ν
2
z , (13)
with A0 = 0.873(21), A1 = 0.0040(3)/kHz, and A2 = −8(1)×10−6/(kHz)2. Deciding on
an axial frequency, the voltages to be applied at EC and CE are obtained by solving the
13
(10)
8 9 10 11 12
2
4
6
8
 
 
| C
4
|  
( 1
0
- 4
 V
/ m
m
4
)
V
CE
 (V)
 V
EC
 = 11 V
 V
EC
 = 13 V
 V
EC
 = 13 V (CAD)
 V
EC
 = 15 V
Figure 7. Absolute value of the coefficient C4 as a function of the voltage applied
to the correction electrode (VCE). The data points are obtained after fitting with the
function made out of the first two terms in Eq. (3), the potential shape along the z-axis
obtained from SIMION simulations. For this purpose the CAD file shown in Fig. 6
was converted to a SIMION .PA# file using SL Tools.
system formed by Eqs. (12) and (13). This allows tuning the trap close to the final value
of the experiment. Note that the power supply (model BS1-8 from Stahl Electronics)
delivers signals in the range ±15.000(1) V. By changing VEC and VCE, the bottom of the
potential along the MT is biased from 6 to 9 V, so that the ions can be captured using
the scheme shown in Fig. 6.
3.2. Trap performance
The performance of the trap has been investigated from measurements of ν+, νz, ν−,
and νc, and simulations of the time-of-flight signal of
40Ca+ ions from the MT to the
MCP3 through the TOF section. The average time-of-flight of the ions from the center
of the MT (zMT) to the detector MCP3 (zdet) is given by [6]
S =
∫ zdet
0
√
m
2(Ez(t)− qU(z) + |µ(Er(t))B(z)|) dz, (14)
where Ez(t) and Er(t) are the ion’s axial and radial energy, respectively, as a function of
time t, and U(z) and B(z) are the electric potential and magnetic field strength along
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Figure 8. (a) Determination of the radial eigenfrequencies of 40Ca+ ions in the open-
ring trap. (b) Determination of the axial frequency (Eq. (1)) of 40Ca+ ions in the
open-ring trap.The excitation time was 100 ms.
the z-axis, respectively. The ion’s orbital magnetic moment µ is given by
|µ| = |pi · q · (ρ2+ν+ + ρ2−ν−)| =
∣∣∣∣ErB0
∣∣∣∣ . (15)
Figure 8(a) shows a measurement of the reduced-cyclotron frequency obtained by ap-
Table 3. Eigenfrequencies for 40Ca+, determined by measuring the time-of-flight of
the ions from the MT to the MCP3 detector, after probing the eigenmotions with
an external dipolar field (Fig. 8). The MT (Fig. 6) is operated with VEC = 13 V,
VRE = 5.8 V, and VGE = 0 V. The table also lists the values of U0/d
2 obtained from
ν+ (Eq. (16)) and νz (Eq. (1)).
VCE ν+ U0/d
2 νz U0/d
2
(V) (MHz) V/mm2 (kHz) V/mm2
9.82 2.685203(11) 0.3667(12) 149.916(93) 0.3674(5)
10.14 2.685135(17) 0.3727(18) 150.277(231) 0.3692(11)
10.42 2.685090(27) 0.377(3) 152.109(679) 0.378(4)
15
plying an external dipolar field at ν+ via the ring electrode segments. In the absence
of any external field, the mean time-of-flight of the extracted 40Ca+ ions from the MT
to the MCP3 detector is 75.5(1) µs, which corresponds to an initial ions’ mean kinetic
energy of 2.08(6) eV. This is the outcome after comparing the experimental results with
those obtained from SIMION simulations by implementing the MT together with the
lenses in the time-of-flight section, the MCP3 detector and the magnetic field gradient.
Furthermore, using a different voltage configuration during the ejection of the ions, the
initial mean kinetic energy is also ≈ 2.1 eV, for a measured average time-of-flight of
78.9(3) µs. From cooling measurements in the MT, performed in similar way as those
shown in Fig. 4, the ions are thermalized in the trap, so that this energy might be gained
in the extraction process, or there should be a time-of-flight offset arising from the signal
processing and/or the acquisition system. Assuming this energy is only axial energy, the
radii of the reduced-cyclotron orbits the ions would have to yield the minimum time-of-
flights in Fig. 8(a) are ρ+ ≈ 250 µm (left) and ρ+ ≈ 160 µm (right). The time-of-flight
effect after probing the axial motion is shown in Fig. 8(b). The mean kinetic energy of
the ions is 3.8 eV. However, since the initial energy is biased, the energy originated from
the external field is 1.7 eV, corresponding to a maximum axial oscillation amplitude
ρz = 4.6 mm.
The eigenfrequencies of 40Ca+ ions are shown in Tab. 3. The voltage applied to the
CE was around the minimum shown in Fig. 7 when VEC = 13 V. These frequencies are
obtained from the time-of-flight of the ions from the MT to the detector after probing
their eigenmotions. From the measured values of ν+ and νz, it is possible to obtain the
ratio U0/d
2 from
ν+ =
qB
2pim
− U0
4pid2B
(16)
and Eq. (1).
3.3. Cyclotron-frequency measurements
The mass-to-charge ratio of an ion is determined from its cyclotron frequency using
Eq. (6), where the magnetic-field strength B is measured via the cyclotron frequency
of an reference ion with a precisely known mass value (see e.g. [2]). In turn, νc can
be unfolded from the measurements of the eigenfrequencies of the ions using Eq. (7),
or by applying an external quadrupolar radiofrequency field that will originate energy
exchange between the radial eigenmodes (see Eq. (8)). Scanning the radiofrequency
νRF around νc and measuring, for each frequency value, the time-of-flight of the ions
from the MT to the detector, results in a TOF-ICR measurement [6], similar as the
one shown in Fig. 9 for 40Ca+ ions. In this case, a radiofrequency field with an am-
plitude VRF = 76 mVpp was applied for a time TRF =100 ms. This amplitude drives
five conversions between magnetron and reduced-cyclotron motion. More TOF-ICR
measurements using 40Ca+ ions have been taken for TRF = 50, 100 and 200 ms. The
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Figure 9. Time-Of-Flight Ion-Cyclotron-Resonance for 40Ca+ ions. The voltage
configuration was Config. 1 (Tab. 4). νc is the cyclotron frequency. See text for
further details.
maximum mass resolving power obtained for 40Ca+ from the TOF-ICR measurements
is m/∆m = 6.6 × 105. A single TOF-ICR measurement was taken to determine νc for
187Re+, yielding 574.8861(25) kHz (TRF = 25 ms and m/∆m = 1.8× 104).
Equation (7) is utilized to obtain νc when the eigenfrequencies are measured using a
non-destructive detection technique, i.e. detecting the current induced by a stored ion
in the trap electrodes (e.g. [12]) or, as envisaged in our future experiments, using
fluorescence photons from a laser-cooled 40Ca+ ion [19]. However, in this publication
Table 4. MT cyclotron frequency measurements for 40Ca+ for different voltage
configurations (Config.). VCE = 9.82 V and VGE = 13 V in Config. 1, and
VCE = 10.14 V and VGE = 0 V in Config. 2. VEC = 13 V, and VRE = 5.8 V in
both configurations. The values of νc (TOF-ICR) are the mean values from seven
measurements. The uncertainties correspond to 1 σ. (#) νz = 146.918(208) kHz was
obtained using 2ν+ν− = ν2z , and the measured values of ν+ = 2.685360(7) MHz and
ν− = 4019(6) Hz. |Cratio4 | is the absolute value of C4 normalized to C4 for Config. 2.
Config. νc (TOF-ICR) νc (Eq. 7) νc (Eq. 8) |Cratio4 |
(MHz) (MHz) (MHz)
1 2.6893743(7) 2.689379(19)# 2.689379(13) 4.3
2 2.6893723(9) 2.689340(30) 2.689428(35) 1
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we have measured the eigenfrequencies via time-of-flight, after applying an external
dipolar field. The three cyclotron-frequency values obtained from the eigenfrequencies
listed in Tab. (3), are 2.689388(16), 2.689340(30), and 2.689342(65) MHz, which are in
agreement with νc = 2.689373(3) MHz, resulting from 30 measurements carried out by
means of the TOF-ICR technique [6], during a period of six months, after performing the
regular B0-dump maintenance of the magnet. For these measurements, several voltage
configurations were adopted yielding a standard deviation in νc of ≈ 2.7 Hz, and thus
ensuring the harmonicity of the field. The relative fluctuations of the magnetic field
have been recently measured during one hour, obtaining δB/B = 1.9× 10−7.
4. Fluorescence measurements: towards Doppler cooling in 7 Tesla
The main scientific goal of the TRAPSENSOR Penning-traps facility is to use a
single laser-cooled 40Ca+ ion as high-sensitive sensor for precision Penning-trap mass
spectrometry [19]. The characterization of a single laser-cooled 40Ca+ ion was
accomplished using a Paul trap [22], including the scenario with two ions in the trap [23].
From the technical point of view, moving the experiment from a Paul-trap platform to
another one based on a 7-T Penning trap complicates the setup due to the Zeeman effect
on the 40Ca+ atomic transitions and the complex image collection system. A detailed
description of the gain in sensitivity and precision using the single laser-cooled 40Ca+
ion in a 7 Tesla Penning trap will be presented elsewhere.
4.1. Level scheme, frequency stabilization and laser beam transport
40Ca+ is alkali-like, and thus it has a single valence electron in the 42S1/2 ground state.
The first excited state is the 42P1/2-state, which decays with a probability of 12/13 back
into the ground state (at λ = 397 nm) and with 1/13 into the meta-stable 32D3/2-state
(at λ = 866 nm). In the presence of a magnetic field ~B, due to j-mixing, there is a
probability that the electron decays into the 32D5/2-state, with a branching ratio given
by 4.2× 10−7B2 T−2 [49]. The population can be unshelved using the 42P3/2-state (at
λ = 854 nm). The absolute frequencies for these transitions in the absence of magnetic
field are listed in Tab. (5).
In the presence of an external magnetic field B the energy levels are no longer degener-
ated due to the linear Zeeman effect. A detailed description and the resulting frequencies
values to induce the different transitions for the observation of Doppler cooling in 7 Tesla
are given in Appendix A.
The experimental laser arrangement for Doppler cooling comprises eight lasers with
wavelengths 397 nm (x2), 866 nm (x4) and 854 nm (x2). The lasers are regulated by
means of an ultra-accurate wavemeter with an absolute accuracy of 10 MHz. The lasers
and control system as well as the outcomes from the regulation have been shown in
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Figure 10. 3-dimensional cut drawing showing part of the Penning-traps tower,
together with the laser beams: 1) photoionization laser beams (crossing the MT from
left to right), 2) laser beams for Doppler cooling (crossing the MT from right to left),
3) support structure for calcium ovens, 4) support structure holding the first lens of
the image collection system (f= 25 mm), 5) mirror of the image collection system,
6) surface depicting the size of the collimated fluorescence photons, 7) part of the
structure housing the lenses inside vacuum, 8) PT, 9) diaphragm, and 10) electrostatic
lenses of the time-of-flight section for identification.
previous works, i.e. in Refs. [60] and [61]. The sketch of the setup to generate the
sidebands from the two carrier frequencies around the wavelength of 854 nm using an
Electro Optical Modulator was presented in Ref. [62]. The laser beams are combined
using standard optics elements, optical fibers, and they are all linearly polarized before
entering the vacuum beamline.
Figure 10 shows a three-dimensional cut drawing of part of the Penning-traps tower with
the PT and the MT, indicating the axial laser beams for Doppler cooling. The figure
shows the support structure made of MACOR, where three calcium ovens are placed.
Table 5. Absolute frequencies of optical transitions of the 40Ca+ ion. The saturation
intensity I0 is 433 µW/mm
2 for 2S1/2 → 2P1/2 transition and 3.4 and 3.3 µW/mm2,
for the transitions 2D3/2 → 2P1/2, and 2D5/2 → 2P3/2, respectively. Γ is the decay
rate (or linewidth) of the transition. (∗) This value is obtained from the frequency
values of the 2S1/2 → 2P3/2 and 2S1/2 → 2D5/2 transitions quoted in Refs. [54, 55].
Atomic Frequency Γ/2pi
Transition (MHz) (MHz)
2S1/2 → 2P1/2 755 222 766.2 (1.7) [50] 21.57(8) [51]
2D3/2 → 2P1/2 346 000 234.867 (96) [52] 1.482(8) [51]
2D5/2 → 2P3/2 350 862 882.830 (91) [53]∗ 1.350(6) [56]
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Figure 11. Images of the fluorescence photons from a 40Ca+ ion cloud formed and
stored in the 7 Tesla open-ring Penning trap. The detunings of the lasers were fixed to
∆397-nm = −20 MHz and ∆infrared = −30 MHz (regarding the values listed in Tab. A1
in Appendix A). (a) and (b) differs in the potential applied to the endcap electrodes;
in (a) the potential configuration is symmetric and in (b) non-symmetric. The two
potential shapes along the axial direction are shown in (d) where the displacement of
the trap center can be observed. The corresponding displacement between the images
can be visualized following the dashed line and circumferences in (a) and (b). The
acquisition time was 5 seconds, and each pixel in these images correspond to 16 × 16
pixels of the sensor. The plot labeled (c) shows a 2-dimenional Gaussian fit to the
image (b).
The laser beams for photoionization at λ = 422 nm and 375 nm, are also indicated in
the figure. The resonant transition 1S0 →1P1 (mj = +1) has been used (422 nm). The
frequency for this transition is 98 GHz above the value used in the Paul trap experiments
[22], due to the confinement of the ion in the 7-Tesla magnetic field.
4.2. Fluorescence detection
The fluorescence photons from the 42S1/2 → 42P1/2 transition in 40Ca+ are registered
by an Electron Multiplying Charge-Coupled Device (EMCCD) located approximately
two meters downstream from the center of the open-ring trap. The sensor of the camera
has 1024× 1024 pixels, with a pixel size of 13 µm × 13 µm, thus having an active area
of 13.3 × 13.3 mm2. The optical system comprises a mirror, seven lenses (six of them
inside vacuum, placed along 1.5 meters), and an objective with variable magnification.
The positions of the first lens and the mirror are indicated in Fig. 10. The first lens has
a focal distance of 25 mm and subtends a solid angle of about 1.6 %. The set of all the
lenses provides a fixed magnification factor, which combined with the objective might
yield a further magnification by a factor of twelve. Figure 11 shows images from the
fluorescence photons emitted by a 40Ca+ ion cloud interacting with the 12 laser beams.
The 40Ca+ ions are produced via photoionization inside the MT. In the first series of
measurements the influence of each of the eight lasers (12 beams) has been observed, as
well as the effect of the photoionization lasers.
Due to the orientation of the first lens and mirror (see Fig. 10), the fluorescence images
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of the cloud are rotated with respect to the axes of the camera, and therefore any
analysis of the image in terms of their symmetry axes has to be performed doing a fit
using 2-dimensional Gaussian functions (Fig. 11(b)), which can be written as
f(x, y) = A exp
(
− [(x− x0) cosα + (y − y0) sinα]
2
2σ2r
)
×
exp
(
− [(x− x0) sinα + (y − y0) cosα]
2
2σ2z
)
,
where A is the amplitude of the Gaussian (maximum photon counts), α is the angle
formed between the radial plane and the horizontal direction in the EMCCD image
(Fig. 11(a,b)). (x0, y0) is the center of the ion cloud obtained from the Gaussian fit, and
σz and σr the standard deviation in the axial and radial direction, respectively. The
maximum fluorescence signal has been obtained when the 397 nm lasers are detuned
−20 MHz below resonance, and the detuning for all the infrared lasers is ∆ = −30 MHz
(see Fig. 11). The fluorescence signal decreases for larger detuning of the 397-nm lasers,
as observed when shifting the laser frequencies between −100 and −300 MHz. In the
images shown in Fig. 11(a) and (b), the centers of the ion clouds obtained from the
2-dimensional Gaussian fits given in pixels are (34.6,18.6) and (37.1,21.8), respectively.
This allows measuring the magnification factor from the displacement of the trap center
(Fig. 11(d)), resulting in 3.2(5) when the variable magnification of the objective was set
to the lowest value. The fluorescence distributions are different, resulting in σz ∼ 250 µm
and σr ∼ 320 µm for the symmetric configuration (a), and σz ∼ 305 µm and σr ∼ 355 µm
for the non-symmetric one (b).
4.3. Doppler cooling
Several simulations have been carried out to study the optimal settings to search for
Doppler cooling. The simulations use the model from Ref. [63], which in turn builds
upon the laser cooling model presented in Ref. [64], considering additionally the effects
of the residual gas present in the trap. A brief overview will be presented here.
All the equations in the model consider only adimensional quantities. Thus, the energies
are scaled by E0 = ~Γ
√
1 + s0/2 and the times by t0 = 2 (1 + s0) / (Γs0), where s0 = I/I0
is the saturation parameter. The relevant quantities are then
 =
E
E0
, δ =
~∆
E0
, r =
ER
E0
, and τ =
t
t0
, (17)
where E is the ion’s kinetic energy, ∆ is the detuning of the cooling laser and
ER = (~kz)2 /2m is the recoil energy of the ion when a photon is emitted. kz is here the
linear momentum of the cooling laser’s photons.
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Figure 12. Doppler cooling of 40Ca+ ions in helium buffer gas at 300 K. The
background pressure was ∼ 10−7 mbar, and for this calculation only the 42S1/2 →
42P1/2 has been considered (Γ/2pi = 21.57(8) MHz). The saturation parameter s0 was
0.4.
Introducing Z = i/
√
1− (δ + i)2 /4r, the rate equation for the ion’s energy is [63]
d
dτ
= −2δz (− m)+ 4
3
r
1
2
√
r
Im (Z)+
1
2
√
r
[Re (Z) + δIm (Z)] . (18)
Here, the first term accounts for the effects of the residual gas, and the second and
third terms describe the effects of the ion-laser interaction. m is the minimum energy
attainable by buffer-gas cooling, and δz was defined in Eq. (9).
The scaled fluorescence rate, in turn, is given by [63]
γsc =
dNph
dτ
=
1
2
√
r
Im (Z) . (19)
Figure 12 shows the evolution of the ion’s energy (left axis) and fluorescence rate (right
axis) as a function of time, obtained by solving Eqs. (18) and (19). For this figure only
the cooling transition in 40Ca+ (2S1/2 →2P1/2) has been considered, i.e., assuming a
two-level system (like in the case of 24Mg+ [63]). However, this transition is not closed
for 40Ca+, where the population will have to be repumped from additional levels. The
saturation parameters and detunings of these repumping drivings will affect the cooling
rate in a non-trivial manner, and a more complete model will be needed to fully under-
stand their effect [65].
22
Furthermore, we have observed another issue, which might prevent laser cooling. From
the measured time-of-flight spectra, 40CaO+ appears in the spectrum, besides 40Ca+,
and the ratio 40CaO+/40Ca+ increases with the storage time in the MT. The expected
background pressure in the MT was in the order of 10−7 mbar for these measurements,
and calcium oxide can only be formed in reactions, with residual atoms or molecules,
since the 40Ca+ ions are created resonantly. The vacuum is currently under improve-
ment in order to minimize the presence of contaminants in the trap.
5. Conclusions and Outlook
At the University of Granada, we have built a full Penning-traps beamline setup to
perform precision experiments using different ion species, in similar way as it is done
at existing Penning-traps systems coupled to Radioactive Ion Beam facilities worldwide
[4, 28, 29, 30, 32, 33, 34]. However, the TRAPSENSOR facility has two outstanding fea-
tures, i.e., 1) the novel geometry of the open-ring 7-Tesla Penning trap, which has been
characterized in detail in this publication using destructive detection techniques, and
2) the lasers and fluorescence-image collection systems, built around the traps tower, to
carry out laser spectroscopy. Moreover, the regime of 7-Tesla is also new to carry out
laser-cooling experiments, as envisaged with this facility, to reach the first aim, namely
to perform single-ion Penning trap mass spectrometry using a single laser-cooled ion as
detector. Our ion choice to perform the first laser-cooling experiments is 40Ca+, which
needs twelve laser beams due to the large energy splitting arising from the Zeeman effect
(first and second order). This does not occur in the other Penning-trap experiments of
the same nature. In this publication, we have shown the first fluorescence measurement
(photons with λ = 397 nm), proving the interaction of the ions with the laser-cooling
beams, which constitutes an important step towards Doppler-cooling of a single 40Ca+
ion. Its subsequent application as a high-sensitive sensor will enable experiments in the
framework of nuclear and fundamental physics. Such an implementation will be also
interesting in the field of quantum technologies, for example for digital-analogue quan-
tum simulations of spin models as Heisenberg [66], or spin-boson models as the Dicke
model, in a variety of coupling regimes and inhomogeneities.
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Appendix A. Frequencies of the cooling transitions for 40Ca+ in 7 Tesla.
The Hamiltonian for a multielectronic atom in a magnetic field can be written as
H = H0 +H
′ , (A.1)
where H0 is the Hamiltonian in the absence of magnetic field (including fine structure)
and
H ′ =
µBB
~
(Lz + gSSz) (A.2)
is the Hamiltonian term due to the magnetic field. µB is the Bohr magneton [57], ~
is the Planck‘s constant divided by 2pi [57], and gS = 2.002319304362(15) [58]. For
weak magnetic fields, i.e. when the corrections for the magnetic field are smaller than
those of the fine structure, one can address H ′ as a perturbation. In the case of 40Ca+,
this holds true, e.g. the fine structure splitting of the 2P-state is 6.7 THz against ∆ν
(2P3/2)(+3/2,−3/2) ≈ 0.4 THz. The first and second order correction to the energy of each
unperturbed level
∣∣n(0)〉 are then given by
∆E(1) =
〈
n(0)
∣∣H ′ ∣∣n(0)〉 (A.3)
and
∆E(2) =
∑
m 6=n
∣∣〈m(0)∣∣H ′ ∣∣n(0)〉∣∣2
E
(0)
n − E(0)m
, (A.4)
respectively.
In order to compute these equations for each pair of atomic states, one must note that
the eigenfunctions of the unperturbed Hamiltonian H0 have well defined L, S, J and
MJ quantum numbers, while the well defined numbers of the eigenfunctions of the per-
turbation H ′ are ML and MS. The relationships between the states are given by the
Clebsch-Gordan coefficients.
In a strong magnetic field, the LS-coupling is no longer valid and one enters the regime of
JJ-coupling. The discrepancy in the energy splitting of the P1/2-state and the P3/2-state
(see e.g. Ref. [59]) is below 1 MHz at 7 T when comparing the result with the energy
shifts according to the linear and quadratic Zeeman effects. The calculated frequencies
of the twelve laser beams are shown in Fig. A1 and listed in Tab. A1.
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Figure A1. Atomic level scheme of 40Ca+ in a 7-T magnetic field. The figure shows
the relevant transitions to perform Doppler cooling. First and second order effects of
the magnetic field are included. Absolute frequencies are shown in Tab. (5).
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Table A1. Absolute frequencies of the transitions of the 40Ca+ ion in a magnetic
field B = 6.998747 T needed to perform Doppler cooling. The third column shows
the standard deviations from the fixed frequency values during the regulation process.
All laser beams are collimated with a diameter of ≈ 2 mm. The laser powers were
measured after they pass through the traps. For the 397-nm lasers the power was 1.6
and 7.9 mW for ∆m = +1 and ∆m = −1, respectively. For the infrared lasers the
values were 1-2 mW.(∗) The lasers are set to a frequency 50 MHz above the resonant
value.
Atomic νlaser σlaser
Transition (MHz) (MHz)
2S1/2 → 2P1/2
mj = −1/2 → mj = +1/2 755 353 131 1.17(1)
mj = +1/2 → mj = −1/2 755 091 763 3.78(2)
2D3/2 → 2P1/2
mj = −3/2 → mj = −1/2 346 085 624 0.511(3)
mj = −1/2 → mj = +1/2 346 072 955 0.349(1)
mj = +1/2 → mj = −1/2 345 929 407 0.297(1)
mj = +3/2 → mj = +1/2 345 915 894 0.328(1)
2D5/2 → 2P3/2
mj = −5/2 → mj = −3/2 350 960 839
mj = −3/2 → mj = −1/2 350 973 405∗ 0.363(1)
mj = −1/2 → mj = +1/2 350 986 075
mj = +1/2 → mj = −1/2 350 737 798
mj = +3/2 → mj = +1/2 350 751 310∗ 0.443(2)
mj = +5/2 → mj = +3/2 350 764 926
